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Abstract-- A new approach is developed for the assessment of
low altitude trapped proton fluxes for future space missions.
Low altitude fluxes are dependent on solar activity levels due to
the resulting heating and cooling of the upper atmosphere.
However, solar activity levels cannot be accurately predicted
far enough into the future to accommodate typical spacecraft
mission planning. Thus, the approach suggested here is to
evaluate the trapped proton flux as a function of confidence
level for a given mission time period. This is possible because of
a recent advance in trapped proton modeling that uses the
solar 10.7 cm radio flux, a measure of solar cycle activity, to
calculate trapped proton fluxes as a continuous function of time
throughout the solar cycle. This trapped proton model [1,2] is
combined with a new statistical description of the 10.7 cm flux
to obtain the probabilistic model for low altitude trapped
proton fluxes. Results for proton energies ranging from 1.5 to
81.3 MeV are examined as a function of time throughout solar
cycle 22 for various orbits. For altitudes below 1000 km, fluxes
are significantly higher and energy spectra are significantly
harder than those predicted by the AP8 model.

1. INTRODUCTION

T rapped proton fluxes are often the most important
radiation consideration for spacecraft in low earth orbit.

The AP8 trapped proton model [3] has provided useful
information for many years and has been a de-facto standard
for assessing trapped proton flux and dose. AP8 is a static
global map of long-term average trapped proton flux. There
are two versions of AP8 — one for solar maximum and one
for solar minimum conditions. They are based on selected
satellite data that were measured in the 1960°’s and 1970’s.
As time has progressed, though, it has become apparent that
there 1s a need for improved models based on more recent
data in order to assess the feasibility of flying advanced
technology microelectronics systems for future missions. For
example, AP8 is only applicable to long-term missions so
that short-term variations will not affect the predictions too
much. In addition, AP8 provides no information about the
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transition period between solar maximum and solar
minimum conditions. In reality the trapped fluxes vary
continuously with time. Another factor is that AP8 does not
indicate how much variation there can be from the expected
long-term average values of trapped flux. An approach that
accounts for these factors would be useful for limiting design
margins and therefore design costs. Further discussion of the
current shortcomings of AP8 can be found in a number of
places [1,2,4,5].

Recently, improvements have been made in models of low
altitude trapped protons. Analyses of data from the DMSP
F7, CRRES, APEX and SAMPEX spacecraft by AFRL,
BIRA and Aerospace Corporation have helped to update the
base of data [6-9]. The Boeing Company developed a model
that was initially based on the NOAA/TIROS satellite data
from 1978 to 1995. A feature of this model is that it accounts
for the evolution of trapped flux levels over the course of a
solar cycle due to varying solar activity [1]. Another feature
is that it incorporates the secular variation of the
geomagnetic field so that the model can be applied over
broad ranges of time. The Boeing model was thus a major
advance in trapped proton models. The CRRES satellite data
from 1990-91 has now been added to this model to expand
its spatial coverage up to near geosynchronous altitudes and
to broaden its energy range to cover 1.5 to 81.3 MeV [2].
The model in its current form is now called the Trapped
Proton Model-1 (TPM-1).

In this paper a new statistical feature is added to TPM-1 to
enhance its utility for long-term mission planning. There is
currently little or no statistical information contained in
trapped proton models [4,6]. However, the trapped proton
environment at low altitudes is variable from one solar cycle
to the next, depending to a large extent on solar activity
level. Higher activity levels heat up and expand the upper
atmosphere, which increases the removal rate of trapped
protons through collisional processes. This results in lower
trapped proton fluxes during periods of higher solar activity.

One approach to planning future missions would be to use
TPM-1 along with some assumption about future solar
activity. However, solar activity levels are not reliably known
very far into the future, especially when the period of interest
is during a different solar cycle than the present one. More
useful information could be provided to the spacecraft



designer if fluxes could be calculated as a function of
confidence level for a planned mission time period. Then the
designer could more systematically balance the trade-offs
between risk, cost and performance for the mission. That is
the focus of this paper. In the following, a new statistical
model of solar activity is added to TPM-1, based on solar

10.7 cm radio flux (F,,). F,, is taken as a measure of
solar activity, and a proxy for atmospheric heating in TPM-
1. The model of F,, describes its time dependent variation

over the course of a solar cycle and as a fanction of
confidence level. These results are used with TPM-1 to
calculate trapped proton fluxes at given levels of confidence.
This is the first rigorous probabilistic description of trapped
proton fluxes.

1. METHODS

A TPM-1
TPM-1 is described in detail elsewhere [2]. Here we
restrict ourselves to a brief description of how F , is used
in this model. The proton flux for a given energy is related to
F,; through an empirical curve fitting procedure involving

the geomagnetic coordinates and a phase delay in F),,. The

phase delay corresponds physically to a time period
associated with atmospheric expansion due to solar activity.

Thus, TPM-1 uses a range of F;, values as a fanction of
time to calculate the trapped proton flux at a given location.
TPM-1 currently contains historical F),, data from April
1954 through August 2001 and projections up to January
2020. In this paper the statistical model curves of Fj,, for
various confidence levels, described in the next section, were
substituted for the standard F,,, values currently in the
program.
B. Statistical Model for F,,

The data used for the probabilistic analysis of F,,, were
obtained from the National Geophysical Data Center [10].
Measurements of F,, have been made since 1947 during
the descending phase of solar cycle 18. The data were the
most refined values available. This includes corrections for
antenna gain, atmospheric absorption, bursts in progress,
background sky temperature and the changing sun-earth
distance. As an example, F,,, data for solar cycle 19 are
shown by the points in Fig.1. Mean monthly values are
plotted as a function of time for the entire solar cycle. We
have found that an empirical description of the data for each
solar cycle (19 through the current cycle 23) is

SO =4-g0)+B M

This represents a time dependent first term superimposed
on a constant background, B. The constant A is a scale
factor for the gamma density function, g(¢), which is given
by [11]

k-1

v(v-t)

gt) = exp(-v 1) (2)

Here v and k are the parameters of the gamma density
function and ¢ is the time from the start of the solar cycle.
The best fit of f(¢) to the data is shown by the curve in
Fig.1. It is seen that the fit describes the behavior of the
F,, data quite well. This is also true of F,, for each solar

cycle for which there is available data. The only parameters
that it was necessary to vary from cycle to cycle for the fits
were A and k. It turns out that these two parameters can be
determined from the peak activity of a cycle. This will be
very useful because the peak activity can be related to the
confidence level. This is discussed next.
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Fig.l. Fj, asa function of time from the start of solar cycle 19. The data are

obtained from the National Geophysical Data Center [10]. The line is the best
fit of the statistical model. :

The peak value attained by a parameter representative of
solar cycle activity is often used as an indicator of the overall
activity level of the cycle [5]. Common examples of such
parameters are F,,, and sunspot number. Thus, in order to
assign confidence levels to solar cycle activities, a probability
plot of the largest F,,, value observed in each of solar

cycles 19-23 was constructed. The probability plot chosen
was that of the type I extreme value distribution because the

largest F 4, value of each cycle is of interest. These were

obtained from fits such as that shown in Fig.l by
determining the peak value of f(¢f). The cumulative



probabilities are equal to m/ (N +1), where m is the rank of
the ordered data and N is the number of data points [12].
The probability plot is shown in Fig.2. The applicability of
the type I probability distribution to the data is determined by
the data’s linearity on the plot. Although the number of data
points is somewhat limited, it is seen that they are well
described by a straight line, indicating this is an appropriate
distribution for describing the peak values of F,,,. The
maximum deviation of any point from the straight line is

about 6%. Thus, the line in Fig.2 relates F,, to

cumulative probability, which is equal to the confidence
level.
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Fig.2. Type I extreme value probability plot of the largest Fj;., value in a
solar cycle for cycles 19-23.

The complete probabilistic description of F,, can now
be given. The only input required is to specify a confidence
level for solar activity. The fitted line in Fig.2 then gives the
corresponding peak F,,, in the cycle. This determines the

parameters A4 and k, while fitted values for B and v areused
that are always the same. Thus, F,, can be calculated from

equations (1) and (2) as a function of time for a specified
confidence level. These results are shown in Fig.3 for
various levels of confidence. These statistical results

reproduce the general observational trends for Fj,,. It is

reasonably well established that the greater a cycle’s activity,
the faster the rise time to the peak level [13]. In all cases,

F|,, starts off at a constant background level corresponding

to the parameter B. More active cycles, i.e., those with
greater peak activities reach the peak levels earlier in the
cycle. Similar to what is observed for sunspot numbers [14],
the descending phase of the cycle is longer than the

ascending phase. At the end of the cycle, F,, returns to the

same background level as at the cycle beginning. The
interpretation of a confidence level of 90% , for example, is

that a future solar cycle has a 90% probability of having an
activity level that is less than or equal to that particular curve
m Fig.3.
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Fig 3. Statistical model of F,, asa function of time from the start of the solar
cycle for confidence levels of 1, 10, 30, 50, 70, 90 and 99% .

L. RESULTS

A. Solar Cycle Dependence

The results shown in Fig.3 have been used as input files
for TPM-1 in this work. Since we are concerned with
heating and cooling effects in the upper atmosphere, our
orbital considerations are limited to altitudes of less than
1000 km. The probabilistic trapped proton flux calculations
are envisioned to be most useful when applied to future
missions. However, for the purpose of comparing them to the
standard TPM-1 results for validation purposes, calculations
were done for the time period during solar cycle 22. As a
first example, consider the original orbit of the International
Space Station (ISS) — 361 km perigee, 437 km apogee and

51.6° angle of inclination. TPM-1 comes with an orbit
generator and this was used for these calculations. The filled
circles in Figs.4a-c show the time dependence of the
omnidirectional differential trapped fluxes throughout solar
cycle 22 calculated with the standard TPM-1. The proton
energies shown are 10.7, 30.9 and 81.3 MeV in 4a, 4b and
4c, respectively. These are compared to the probabilistic
trapped proton fluxes for 10% and 90% exceedance
probabilities, shown by the squares. The interpretation of the
10% curve is that there is a 10% probability that the
general trend of the flux levels in a given cycle will exceed
it. Similarly, there is a 90% probability that the general
trend of those flux levels in a given cycle will exceed that
particular curve. Recall from previous discussion that higher
levels of solar activity result in lower trapped proton fluxes.
The activity level of solar cycle 22 was quite high. In fact, in
the last 5 cycles its activity was exceeded only by that of



cycle 19. Thus, the standard TPM-1 results for cycle 22
should fall much closer to the 90% curve than the 10%
curve and this turns out to be the case. An interesting feature
of solar cycle 22 is the double-peaked behavior of its activity
during solar maximum. The probabilistic model shown in
Fig.3 does not account for this type of detailed behavior.
However, as seen in Fig.4 it still does a reasonable job of
bounding the fluxes even when a somewhat unusual feature
such as this occurs,
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Fig.4. Trapped proton differential flux for the original ISS orbit as a function of
time during solar cycle 22. Shown are the standard results for TPM-1, results of
the probabilistic model for 10% and 90% exceedance probabilities, and
results for AP8. Proton energies are (a) 10.7 MeV, (b) 30.9 MeV and (c) 81.3
MeV.

Fig.4 also shows comparisons to the AP8 model. The AP8
calculations were done with software developed by
Armstrong and Colborn [15], and were checked against AP8
results obtained using the CREME96 [16] and SPENVIS
[17] web sites. The AP8 model provides only average flux
values for solar minimum and for solar maximum
conditions. Thus, there is the discontinuous behavior shown
in the Figures. The solar maximum period was assumed to
be 7 years in duration, beginning 2.5 years before and ending
4.5 years after 1989.9 [14]. There are two significant points
that should be made about the comparisons between TPM-1
and APS8. First, TPM-1 shows a more realistic, continuous
transition between the solar maximum and solar minimum
time periods. This feature will be especially useful for
missions that occur during this transition phase. Second, the
APS8 fluxes are significantly lower than the TPM-1 fluxes at
these low altitudes. It i1s generally agreed that APS
underestimates trapped proton fluxes at low altitudes, but it
is not clear by how much. It has been reported that AP8
underestimates doses by about a factor of 2 at altitudes below
2000 km [18]. However, discrepancies in measured proton
fluxes have been reported to be significantly greater than a
factor of 2 at altitudes below 1000 km [1]. The flux
differences reported here range from about a factor of 2 to
10. However, it must be kept in mind that dose
measurements for such proton energy spectra are strongly
influenced by the low energy protons. It turns out that the
flux differences reported here are not markedly inconsistent
with previously reported low altitude dose comparisons with
AP8. In fact Fig.5 shows that the low energy portion of the
TPM-1 proton spectra exceeds AP8 fluxes by about a factor
of 2 for the above orbit. It is the higher energy fluxes where
there are large differences between the two models. When
comparing TPM-1 and APS8, another thing that must be



considered is the instrumentation difference. The TPM-1
model is based primarily on the NOAA/TIROS satellite
measurements, which are in reasonable agreement with both
the low altitude SAMPEX data [19] and the most reliable
measurements made on CRRES, which occurred at altitades
above 800 km [2]). The modern instrumentation used for
these measurements is clearly an improvement over that used
to collect data for AP8 in the 1960s and 1970s, and this must
be considered when assessing the relative merit of the two
models. On the other hand, TPM-1 is a model that is still in
the developmental stages.

B. Energy Spectra

Fig.5 shows the trapped proton differential energy spectra
for the original ISS orbit at mid-year 1989, for energies
ranging from 1.5 to 81.3 MeV. Again, the standard TPM-1
results are compared to the probabilistic results for 10% and
90% exceedance probabilities. Note that the spread in the
probabilistic results is very small for low energies but
reaches approximately a factor of 2 at high energies. For
many spacecraft applications the high energies are the most
important. The fact that the magnitude of this spread is
similar to often quoted environmental uncertainties suggests
that it is realistic to use the probabilistic approach for
spacecraft design. For example, a 50% exceedance
probability could be chosen to determine the average trapped
proton flux. It could then be adjusted, presumably to a lower
exceedance probability (higher flux) based on tradeoffs that
the designer is willing to make.
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Fig.5. Trapped proton energy spectra for the original ISS orbit in mid-year
1989 as calculated by the standard TPM-1, the probabilistic model and APS.

Also shown in Fig.5 is a comparison to the AP8 energy
spectrum for solar maximum conditions. The TPM-1 model
results show a harder energy spectrum. The two models are
In reasonable agreement for proton energies around one or a
few MeV but rapidly diverge at higher energies. At about 10
MeV and beyond, the flux differences are close to an order of
magnitude. Similar results are seen for solar minimum

conditions, although the differences with AP8 are not as
pronounced [2].

C. Orbital Dependence

The magnitude and variability of the upper atmospheric
expansion during solar maximum is an important
consideration for low altitude spacecraft. Thus, in this
section we examine how this affects the trapped proton flux
as a function of altitude ranging from the atmospheric cutoff
up to 1000 km. Fig.6 shows calculations for an equatorial
orbit at mid-year 1989. Differential fluxes of 10.7, 30.9 and
81.3 MeV protons are shown in 6a, 6b and 6c, respectively.
As is expected, the flux increases rapidly with increasing
altitude. Also note that in a relative sense, the variability of
the trapped flux decreases with increasing altitude. In fact it
turns out that for all cases studied here, the largest
variability, about a factor of 4 between the 10% and 90%
exceedance probabilities, occurs near the atmospheric cutoff
in an equatorial orbit. Keep in mind that this variability
represents a fluctuation in proton flux that can occur from
one solar maximum time period to the next.

For comparison purposes, similar calculations were done

for 45° and 90° inclination orbits. These results are shown
m Figs. 7 and 8, respectively, and cover the same time
period and proton energies as Fig.6. In these orbits the
atmospheric cutoff is significantly lower — approximately
200 km. In addition, the flux variability is not as pronounced
as for the equatorial orbit. In these higher inclination orbits
it is a factor of 2-3 at the lowest altitudes and decreases with
increasing altitude. Finally, we again note the significant
discrepancies with the AP8 model for proton fluxes above 10
MeV.
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Fig,7. Trapped proton differential flux as a function of orbital altitude in mid-
year 1989 for a 45 degree inclination. Results are shown for the standard TPM-
1, the probabilistic model for 10% and 90% exceedance probabilities, and APS.
Proton energies are (a) 10.7 MeV, (b) 30.9 MeV and (c) 81.3 MeV.

Fig.6. Trapped proton differential flux as a function of orbital altitude in mid-
year 1989 for a 0 degree inclination. Results are shown for the standard TPM-1,
the probabilistic model for 10% and 90% exceedance probabilities, and APS.
Proton energies are (a) 10.7 MeV, (b) 30.9 MeV and (c) 81.3 MeV.
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missions. It is to evaluate trapped proton fluxes as a function
of confidence level for the given mission time period. The
advantage of this approach over conventional approaches is
that it allows the spacecraft designer more flexibility to trade
off cost, risk and performance for the mission. This is
important because conditions such as solar activity levels,
which affect the low altitude radiation environment, are not
accurately known during the advanced mission planning
period.

A confidence level model of solar activity was developed
based on F,,, data. This was used with a new model of

trapped proton flux, TPM-1, that features calculations of flux
that are dependent on solar activity. Results indicated that
the magnitude of the flux variations from one solar
maximum time period to the next were consistent with
commonly assumed environmental uncertainties, so that the
confidence level approach would be practical to implement.
The largest flux variations occur for low orbital altitudes and
for low angles of orbital inclination. The flux variations also
increase as the proton energy increases for the range of
energies studied here. This confidence level approach further
expands the utility of TPM-1.
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Fig.8. Trapped proton differential flux as a function of orbital altitude in mid-
year 1989 for a 90 degree inclination. Results are shown for the standard TPM-
1, the probabilistic model for 10% and 90% exceedance probabilities, and
APS. Proton energies are (a) 10.7 MeV, (b) 30.9 MeV and (c) 81.3 MeV.

IV. SUMMARY AND CONCLUSIONS

This work suggests a new procedure for assessing the
trapped proton environment for future low altitude space
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